An adaptive slid mode controller was established for improving the handling stability of motorized electric vehicle (MEV). First and foremost, the structure and advantages of electric vehicle driven by in-wheel motors will be provided. Then, an ideal cornering model of vehicles will be brought and analyzed, after which a method to estimate side-slip angle was also proposed and three typical sensors were used in the theory. Besides, an idea for the recognition of road adhesion coefficient was derived based on MEV platform, which will be helpful for better control performances. Finally, the scheme of control method was given and some typical tests for observing handling properties were implemented based on Simulink and Carsim software. With the outcomes from the experiments, which vividly showed the merits of the controller, one can come to a conclusion that MEV that equips with the adaptive slid mode controller always enjoys better handling performances than the one without control. Furthermore, the controller researched is friendly to the real-time working conditions, which will hold practical values in the future.
Introduction
Scarcity of fuel has brought in great concerns to human today. Gasoline, which has been the major power source of classical vehicles for decades, got its price soaring up year by year. This phenomenon results in an unstoppable trend of conventional cars being replaced by vehicles powered not by gasoline but by another new energy, such as Electric Vehicles. However, the cost by devices of Electric Vehicles is always considerable. Electric Vehicles driven by in-wheel motors present to us a practical way of designing an Electric Vehicle with its cost reduced [1, 2] . In addition, this system is considered to be the universal driving platform of vehicles including EV, HEV, and FCEV. It is the evolution trend of the new generation electric vehicle driving systems. Many novel models have been promoted into the market by famous automotive manufacturers such as Mitsubishi, Honda, Ford, GM, and Volvo [3, 4] .
The performance of in-wheel motor Electric Vehicle is likely to perform better compared with that of classical vehicles once a good control system is invented [5] [6] [7] . Energy from kinetic of electric vehicle can be recovered by motors during braking process, which is a remarkable feature of great use and of great value in the future [8] . The torque of the motor can be unleashed immediately and accurately. The properties of torque with these features were demonstrated by some researchers [9] . Steering assistance by differential torque that generated by the left and right wheel motors in MEV has also been studied [10] , in which the hand-wheel torque was lower down without additional complex devices (such as power assisted steering systems).
Owing to the attractive performance of active safety technologies such as Antilock Braking System (ABS), Traction Control System (TCS), and Electronic Stability Control (ESC), the manipulating stability and safety of vehicles were increased enormously [11] [12] [13] and, thus, some developed countries in Europe and North America have already set the requirement of electric stability control system into the rule as the standard equipment in vehicles [14] . Considerable efforts have been made to improve the handling stability of classical vehicles and MEV. Zhang et al. proposed a robust gainscheduling energy-to-peak control strategy with both varied longitudinal velocity and equivalent cornering stiffness taken into consideration. Owing to that idea, handling stability and safety of vehicles were intensified [15] . Shuai owing to the flexibility and possibility of fully utilizing the adhesion of each tire [16] [17] [18] ; the theory was demonstrated to be friendly in stability control. A novel RWG H ∞ controller is developed to control vehicle lateral motions by Huang et al. [19] ; the idea attenuated the adverse effects of the steering system hysteresis on the tracking of yaw rate references and the performances of handling stability do be pretty good. The reason why vehicles perform unstably in certain situations is that properties of tires are nonlinear; Umeno et al. have been studying this phenomenon and proposed a control method for improving vehicle stability based on the side-slip angle [12] . It demonstrates that the side-slip angle will be sharply increased when cornered with the mutation of steering angle. In addition, the value of yaw moment will be closed to zero at the same time, which means that the adhesion condition of tires has already reached its limit. Vehicles are likely to become unstable when side-slip angle is over 12 deg if the road is dry, but if the road is wet, the vehicle will definitely be out of control when the side-slip angle is over 5 deg. Forster noted that vehicles including tires and suspensions must be made to fit for human's behaviors. Vehicles must be in control even when it has got severely deviated from normal track [13, 14] . The control themes, which hold practical values, are known to be divided into two kinds. One considers yaw rate only, such as DSC (Dynamic Stability Control) system of BMW. The other one takes both yaw rate and side-slip angle into consideration, such as the VDC (Vehicle Dynamic Control) system of BOSH and the VSC (Vehicle Stability Control) system of Toyota [20] [21] [22] [23] . From the discussion above, it is evident that the major point in stabilization control is to identify both yaw rate and side-slip angle in real-time. In order to design a reasonable controller which can keep vehicle body always stable, those two parameters must be taken into consideration simultaneously. Besides, the sensor that used to monitor yaw rate is very common; however, the sensor which is used to monitor the side-slip angle is always expensive [3] .
In this study, an adaptive slid mode controller integrated with both yaw rate and side-slip angle will be provided to enhance the handling stability of MEV. A method for road adhesion factor estimation will also be proposed. Besides, an estimation idea of side-slip angle is established in order to lower the cost of the sensors. Finally, two kinds of typical experiments, the double lane change test and U turn test, were carried out by using Simulink and Carsim software. The merits of the adaptive slid mode controller were verified vividly through comparison of the results. In addition, the algorithm is very simple and easy to be implemented, which means that the controller is fit for real time working conditions and, thus, will have practical value in the future.
Vehicle Model and Deduction of Desired Parameters

Ideal Vehicle Model and Analysis.
As shown in Figure 1 (a), which is a simplified MEV model when When the vehicle is cornering the equations can be given by
where is the mass of MEV; V and V are the longitudinal velocity and lateral speed; and stand for the longitudinal forces and lateral forces that are generated by each tire; is the wheel angle inputs by the driver; is vehicle size as shown in Figure 2 ; to be mentioned, is the coordination torque that is governed by the four driving wheels.
, which is regarded as stability control torque, can be calculated as
In this study, Provided that the relationship between the front in-wheel motors and the rear in-wheel motors can be described as (4) when generating the yaw control moment
The value of is 0 when the vehicle is driving stably; however, the value will be generated when the vehicle becomes unstable. Obviously, by having feasible control of , one can get a stable working environment when cornering. Conventional vehicles, however, cannot generate this torque without any other auxiliary devices because of the differentials. Figure 1(b) ; the equilibrium equations then can be expressed:
Desired Yaw Rate. To simplify the model, a single track model is introduced like
Assuming vehicle was driving in ideal working conditions, namely, the lateral tire forces are linearly changed, then the tire forces generated on front wheel and rear wheel can be deduced as Provided that vehicle was driving in a stable working condition in which the value of the parameters can be seen aṡ
then the ideal yaw rate can be expressed as
where is the vertical load on each tire; , which can be seen as a constant value ideally, stands for the lateral tire stiffness.
The desired yaw rate, however, also is limited by the road adhesion factor. When vehicle corners, lateral acceleration under vehicle coordinate system (as shown in Figure 3 ) can be expressed as =̇+.
In addition, the relationships among the side-slip angle and velocities can be deduced:
Then lateral acceleration can be expressed as
Define as road adhesion coefficient, since the quadratic integral term can be ignored when side-slip angle is very small. Provided that the contribution value of the latter two equations is 0.1, then we can get
So the limitation can be derived as
From all the equations above, the ideal output of yaw rate can be defined as
Desired Side-Slip Angle and the Usage of the Parameter.
In general, the value of the desired side-slip angle is the smaller, the better. For most research today, the desired value is considered to be 0 ∘ . In this paper, both yaw rate and sideslip angle were included. The controller will keep on working since the value of side-slip angle is not zero in a real working condition. In general, vehicle in high adhesion road (assume = 0.9) will become unstable when the value of side-slip angle is over 12 ∘ ; however, the value is only 5 ∘ in low adhesion road (assume = 0.35).
In this research, it is necessary to define a weighing factor to describe the contribution value of the side-slip angle. Logic threshold method was chosen to decide the value of the weighing factor. For instance, in low friction road ( = 0.35), the factor is 0 when side-slip angle is smaller than 4 ∘ , while the factor is 1 when the value is bigger than 5 ∘ ; the value between them is linearly changed. Generally, the threshold of different roads can be expressed as a function start = arctan (0.02 ) , high = arctan (0.025 ) . 
Identification of Road Adhesion Factor of Electric Vehicle with Motorized Wheels
As we can see the two desired parameters are related to the value of road adhesion factor, so it is necessary to estimate the adhesion coefficient accurately. In order to resolve the differential problem, the driving motor of electric vehicle is controlled by torque mode [24, 25] . A quarter vehicle model is shown in Figure 2 . The equation for wheel and body dynamics can be expressed by Newton's law as follows:
where is the torque that transmitted from the motor; is the friction force between road and tire; is the rotating inertia of wheel; is part of the vehicle mass that acts on single wheel; is the rotating velocity of the wheels; is the body velocity; is the vertical load generated by ; is the tire radius. Then can be derived:
, which is defined as the adhesion coefficient between tire and road, can be obtained when and are easily and precisely identified. The formula is also suitable for traditional cars. In traditional cars, however, it is very difficult to gain the accurate driving torque of each wheel in real-time as well as estimate the friction characteristics based on (18) owing to the complex transmission system. But for the electric vehicle driven by in-wheel motors, the torque and velocity on the wheel can be easily measured, so the road adhesion can be accurately estimated if the vehicle is driven by in-wheel motors.
Side-Slip Angle Estimation
For a classical ESC system, some basic sensors such as yaw rate sensor and body acceleration sensors were included. The main parameter like side-slip angle, which was crucial for stability control, seems hard to be obtained. Most estimation methods today are based on Kalman filter [26, 27] ; however, the idea was bad for real-time working conditions due to the long sampling time. For ESC system, quick response is needed. So an estimation method will be studied in order to solve the problem and reduce the cost of the sensors. As seen from Figure 3 , vehicle was simplified as the center of its mass. Assume that vehicle moves in extremely short time Δ .
The trajectory was in vehicle coordinate system -. The velocity in direction can be expressed as
Δ is assumed to be zero in extremely short time. So the equation can be simplified as
According to the definition of differential in mathematics, acceleration in direction is
Similarly, acceleration in direction can be deduced as
The side-slip angle of automobile can be depicted as
Mathematical Problems in Engineering 5 where and were the velocities of vehicle, Δ was the turning angle in that infinitesimal time. can be identified from (21)- (23) with the value of , , that was obtained from the three basic sensors. The idea proposed is friendly to the real-time working conditions, since there is no sampling time needed.
Control Algorithm for Enhancing Handling Stability
The changing of slid mode controller is purposeful based on the working conditions of the system, Which forces the systems run according to a predetermined "sliding mode" trajectory. Slid mode control holds the merits of fast response, being insensitive to parameter changes and disturbances, having no need to identify system online, and the ability to be very easily implemented [28] . Based on (1)- (4), we choose sliding surface as
Equation (2) can be rewritten as (25) since the value of is usually very small:
Then based on (3) and (4), the formula can be expressed aṡ
where = ( /2)( − ) is the control torque that needed to be sent to the torque distributor and then to the motors. The differential version of (24) can be deduced aṡ
Substituting for in equation (26) = { 1 [ ( cos + cos ) − ( + )
Here we choose the exponent law that yields the control
wherė< 0 means that the system will be stable based on Lyapunov criteria.
Then the control torque can be deduced as
Since the load of the tire is not easy to monitor. Here, replace (1/ )[ ( + ) − ( cos + cos )] by − ∫ , which means an integral error feedback term, where is integral factor. Then we have
After calculating the value of in each step, the torque of the left motor will become smaller than the right one if > 0, so it is the same idea that lowers down the right motor torque when < 0. Then the adaptive slid mode control strategy in this study can be depicted as in Figure 4 . As shown in the diagram, sensors attached on the vehicle will monitor the condition parameters every step time and calculate the desired handling variables; then the slid mode surface function will be obtained based on (31), from which formula of the yaw control moment will be generated.
Then the driving motors will have a feasible response that try to make the car maintain stability. As we can see, the value of weighing factor is changed based on the side-slip angle and road adhesion coefficient, which means that the controller can adapt to different kinds of working conditions in real-time.
Typical Simulation Experiments and Results
For the validation, two typical maneuvers will be considered here. The first maneuver is double-lane change test, whose path is controlled by a prescribed steering input. The second maneuver is U turn test. The two kinds of experiments, which can describe vehicles' general properties in extreme cases, are widely used in handling stability test, for instance, the obstacle avoidance or changing path when driving on the overpass. Parameters of the test vehicles are shown in Table 1 . The maximum power of the motor is 25 kW and maximum torque is 400 N⋅m, as shown in Table 2 . The simulation test will be carried out based on Simulink and Carsim software. The controller will be built in Simulink, while MEV model will be generated by Carsim software. Seen from Figure 6 , which is the trajectory of double lane change test, with the comparison among the control one, the no-control one, and the target trace, one can find that the one that used adaptive slid mode control can align with the target path, while a drift occurred at 230 m and becomes unstable in the no-control one. Figures 6-9 show the results of handling parameter performances in the double lane change experiment. As shown in Figure 7 , the one under control always holds a small side-slip angle; however, the no-control one shows a sharp increase after 33 s. So the same conclusion can be got from 9 stand for the torque change of the driving motors; we can find that MEV under adaptive slid mode control can tune the output torque reasonably to maintain the vehicle stability, which cannot be implemented in the no-control one.
Figures 10 and 11 vividly show the driving trace of MEV; with the animation one can find that the safety of MEV under control was improved obviously. To conclude, without control, a drift occurred, but with the adaptive slid mode control, a smaller yaw rate and a lower side-slip angle were obtained, and vehicles can align with the trace very well. Figure 12 shows the vehicle trajectory in U turn test. Vehicle without control was off the target trace, which shows very dangerous working conditions. The one under adaptive slid mode control followed the target path and only gained a small deviation.
The results of parameters were shown in Figures 13-16 . Figure 13 shows that the side-slip angle of the no-control one turns to be a very large value after 30 s. On the contrary, the one under control shows better working conditions. As seen from Figure 14 , the yaw rate of the no-control one was soaring and becomes unstable after 32 s, while yaw rate of the one under control is always smaller than the no-control one and also enjoys a good performance. Figures 15 and 16 show the change of motor torques; we can find that the one under control tuned the torque when a bad steering occurred. Finally, the torque value of the one under control turn to be constant, which means the vehicle's speed becomes stable and works well. Figures 17 and 18 show the trace of MEV lively. With the pictures one can easily know the merits of the adaptive slid mode controller. To sum up, in the U turn test, the one under control enjoys a smaller yaw rate as well as a lower side-slip angle than the no-control one. The one without control was made to oversteer and become unstable, which may lead to traffic accidents.
Based on the given two comparative vehicle simulation tests, it is undoubted that vehicle driven by in-wheel motors equipped with the adaptive controller can perform well in obstacle avoidance and extreme driving conditions in daily uses. The idea suggested in this study for the in-wheel electric vehicle improved the vehicle handling stability.
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Conclusions
To sum up, the research is based on MEV platform. An adaptive slid mode control strategy is proposed to evaluate the handling stability of vehicle. A simplified vehicle model is established and deduced, after which a real time estimation method for side-slip angle is also provided based on three basic sensors. A theory for identify road adhesion properties in real-time is researched based on MEV platform for improving control performances. Two kinds of typical handling experiments, double lane change test and U turn test, are also carried out. Based on the vivid comparison of yaw rate, side-slip angle, and trajectory in the tests, one can easily find out that vehicles armed with the adaptive slid mode controller maintain a large enhancement in vehicle stability. In addition, the controller is fit for real-time working circumstances, which will hold practical values in the future. All the work that was studied can illustrate the benefits of motorized electric vehicles (MEV), which will provide a tool in simplifying the cost and the control process; when compared with classical vehicles, the safety of MEV during emergency steering is improved.
